Abstract: Frequency-comb spectroscopy in the near-infrared is used to measure atmospheric CO 2 and H 2 O concentrations over a 2-km outdoor open-air path. This technique shows promise for measurements over length scales between point sensors and satellite systems.
Measurements of greenhouse gas concentrations provide important data for the understanding and modeling of atmospheric greenhouse gas fluxes [1] . These measurements occur on length scales ranging from sub-meter sample regions with extractive point sensing [2] to 100+ km sample regions with satellite-based measurements of total column densities [3, 4] . At intermediate length scales, open-path Fourier transform spectrometry (FTS) has been applied for sensing of molecules with broad spectral absorption (e.g. volatile organic compounds) [5] , however, spectral resolution limitations hinder small-molecule absorption studies. Various LIDAR approaches are also being investigated for concentration measurements at intermediate path lengths [6] .
Dual-comb spectroscopy (DCS) offers several favorable characteristics for intermediate-path sensing, including a coherent, collimated light source capable of traversing long path lengths (0.1-10 km), broad spectral coverage over the absorbing wavelength regions of several species, and a calibrated frequency accuracy. Most importantly, DCS can easily achieve sub-100 MHz frequency resolution, far below the ~4-GHz spectral widths of small molecules such as CO 2 . Therefore, for all intents and purposes the instrument line shape of the DCS is a delta-function, which should greatly facilitate accurate retrieval of species concentrations. Recently, high-resolution DCS has been used for accurate measurements of spectral parameters in laboratory environments [7, 8] . Low-resolution DCS for fast detection of NH 3 at a 10 m wavelength was demonstrated over a 44-m path in the open air [9] . Here, we demonstrate 2-km path, quantitative, high-resolution DCS in the 1.5 to 1.7 m "window" region where absorption from atmospheric water vapor is sufficiently low to measure CO 2 and CH 4 absorption. The dual-comb spectrometer is adapted from Ref. [10] . Light from two phase-locked, spectrally broadened, Er:fiber frequency combs, located in a laboratory, is individually transmitted along 150-m single-mode fibers to a sheltered rooftop location on the NIST campus in Boulder, CO. Differential phase noise introduced by the separate delivery fibers is compensated using a piezo-electric fiber stretcher located at the end of one fiber. The polarizations of the two combs are aligned, the light is combined and launched with a 5-cm diameter telescope. This collimated light traverses 1 km to a 50-cm diameter flat retroreflector. The return light is received in an identical telescope and collected in a 62.5 m graded-index multimode fiber. The light path is actively controlled with fast-steering mirrors and dither locks located near the telescopes. The detected signal is a series of interferograms, which are summed coherently without dead time in a field-programmable gate array [7] . Since both combs experience absorption the Fourier transformation of the interferograms yields the transmission spectrum at a point spacing of 100 MHz with an instrument lineshape derived from the two narrowly spaced (<25 MHz) contributing comb lines. Figure 2a shows the measured DCS spectrum over the 2-km open-air path and across a spectral region that includes the 3001300001 band of CO 2 . This spectrum has already been normalized by a reference spectrum taken before the optical path (see Fig. 1 ). The remaining spectral variation is due to telescope optics, other wavelengthdependent transmission effects in the open path, and power imbalance between the signal and reference channels. Figure 2b shows the corresponding absorbance over a portion of the CO 2 spectrum. Contributions from weak H 2 O and HDO absorption features are also present. We fit these data with a 5 th order polynomial baseline, an absorption model based on the Hitran 2008 spectral database and a simple Voigt lineshape model simulated at the average measured atmospheric temperature and pressure. The model has one free parameter for each species representing the concentration. The fit thus yields both the species concentrations (through the single speciesspecific fit parameters), and reveals information about the quality of the absorption model through the residuals. This simple preliminary fit yields residuals < 3x10 -3 in absorbance, a CO 2 concentration of 426.2 ± 3.7 ppm and an H 2 O concentration of 4441 ± 40 ppm where the uncertainties reflect the ± 2 K temperature uncertainty over the measurement period. Additional uncertainties from the spectral database, lineshape model, and pressure variations are under study. In addition, work is ongoing to validate the more advanced spectral parameters and lineshapes developed to support CO 2 and CH 4 total column density measurements via satellite [11] . Finally, while these data represent an 87-minute average, data averaged over shorter minute-scale periods can yield high-precision estimates of the concentration versus time.
We have demonstrated the use of dual frequency-comb spectroscopy over a 2-km outdoor air path to measure the atmospheric absorption spectrum near the 30013  00001 band of CO 2 at 1.6 m. The high-resolution spectrum shows promise for validation of advanced spectral databases and lineshapes, as well as accurate measurements of regional sources and sinks of greenhouse gases on intermediate length scales (0.1 -10 km).
